INTRODUCTION
The peptidoglycan (murein) of bacteria consists of glycan chains that are crosslinked via short peptides (Martin, 1966; Schleifer and Kandler, 1972; Shockman and Barrett, 1983; Strominger and Ghuysen, 1967; Vollmer et al., 2008a) . This strong and protective, yet highly dynamic, structure must reshape, reorganize, and disassemble during cell growth, cell division, and cell lysis. Many enzymes are involved in degradation of peptidoglycan. The D-Ala, D-Glu, and meso-diaminopimelic acid (DAP) amino acids, that are present in stem peptides, are not usually present in natural proteins, and may protect the peptidoglycan against most peptidases. As a result, cell-wall-specific peptidases are required to catalyze the hydrolysis of peptide bonds in the crossbridges (Firczuk and Bochtler, 2007; Vollmer et al., 2008b ). An amidase generally cleaves the linkage between MurNAc and the stem peptide, whereas an endopeptidase generally targets a specific peptide linkage ( Figure 1A) .
Recently, a ubiquitous cysteine, histidine-dependent amidohydrolases/peptidase (CHAP) superfamily was discovered that is involved in cell-wall hydrolysis (Anantharaman and Aravind, 2003; Bateman and Rawlings, 2003; Rigden et al., 2003) . This superfamily primarily consists of proteins from two Pfam families (Bateman et al., 2004) , the NlpC/P60 family (PF00877) and the CHAP family (PF05257). Despite low sequence similarity, these two families are both predicted to have papain-like folds (Anantharaman and Aravind, 2003) . As a result, the nomenclature NlpC/P60 and CHAP domain are sometimes used interchangeably. Both domains consist of $110-140 residues with strictly conserved cysteine and histidine residues. Proteins that contain these domains are highly modular, and the multiple components are often fused to form a multifunctional protein. An NlpC/P60 or CHAP domain is frequently fused with an N-terminal signal peptide, a MurNAc amidase, and one or multiple targeting domains, such as the LysM domain, the choline-binding domain (CBD) , and the bacterial SH3b domain. The NlpC/P60 or CHAP domains are widespread in bacteria; members of this superfamily have also been detected in bacteriophages, viruses, archaea, and eukaryotes (Anantharaman and Aravind, 2003) .
Characterized NlpC/P60 members include Escherichia coli membrane-associated lipoprotein NlpC, Listeria monocytogenes secreted autolysin P60 (Kuhn and Goebel, 1989) , Bacillus sphaericus dipeptidyl-peptidase VI (DPP VI), and Bacillus subtilis autolysins LytF, LytE, and CwlS (YojL) (Smith et al., 2000) ( Figure 1B) . LytF, LytE, and CwlS, each with a multiple tandem repeat of the LysM and NlpC/P60 domains, are localized at cell-separation sites during vegetative growth (Fukushima et al., 2006; Margot et al., 1999; Yamamoto et al., 2003) . All known members of the NlpC/P60 family are g-glutamyl DL-endopeptidases. LytF breaks the linkage of g-D-glutamyl-DAP in a murein peptide (Margot et al., 1999; Ohnishi et al., 1999) , whereas CwlO of B. subtilis (yvcE), a protein of unknown function, contains a C-terminal CHAP domain that was characterized as a cell-wall DL-endopeptidase (Yamaguchi et al., 2004) . Another B. subtilis enzyme, YwtD, specifically cleaves the g-glutamyl bond between D-glutamic acid and L-glutamic acid of g-polyglutamic acid (Suzuki and Tahara, 2003) . DPP VI is involved in cell sporulation and hydrolyzes g-D-Glu-DAP(Lys) linkages in peptides that have a free N-terminal L-alanine (Bourgogne et al., 1992) . Many members of the CHAP family are MurNAc amidases that cleave the N-acetylmuramyl-L-alanine bond, but other linkage preferences are also observed. CHAP-containing N-acetylmuramyl-L-alanine amidases include Skl from Gram-positive Streptococcus mitis (Llull et al., 2006) , Sle1 from Staphylococcus aureus (Kajimura et al., 2005) , and the CA subunit of PlyC, a multimeric lysin from bacteriophage (Nelson et al., 2006) . Streptococcus agalactiae bacteriophage B30 endolysin cleaves bonds (in crosslinks) between D-Ala and L-Ala (Donovan et al., 2006; Pritchard et al., 2004) .
Cysteine peptidases are widely distributed in all kingdoms of life and play important roles under normal and pathological conditions. Development of cysteine peptidase inhibitors is of considerable medical interest (Chapman et al., 1997; McGrath, 1999; Vicik et al., 2006) . Steadily increasing interest has arisen in studying bacterial CHAP superfamily cysteine peptidases due to their potential as antibacterial drug targets. The unique ability of endolysins to cleave peptidoglycan rapidly in a species-specific manner, for example, renders them promising antibacterial agents (Borysowski et al., 2006; Nelson et al., 2001 ).
Although cell-wall cysteine peptidases have been biochemically characterized for decades, little structural information is available. In order to explore and interrogate the structure and function of enzymes from these families, two cyanobacterial peptidoglycan cysteine endopeptidase (PCP) orthologs were selected from the NlpC/P60 family for structural studies: AvPCP (GenBank accession number YP_323898.1; gij75909602) from Anabaena variabilis ATCC 29413 (molecular weight 25,313 Da, residues 1-234, calculated isoelectric point 5.33) and NpPCP (GenBank accession number ZP_00105875.2; gij53686717) from Nostoc punctiforme PCC 73102 (MW 25,921 Da, residues 1-234, calculated pI 4.71) ( Figure 1B ). Here we report their crystal structures, which were determined using the semiautomated, high-throughput pipeline of the Joint Center for Structural Genomics (JCSG; http://www.jcsg.org). AvPCP and NpPCP are novel cysteine peptidases with an N-terminal bacterial SH3-like (SH3b) domain and a C-terminal NlpC/P60 catalytic domain. The bacterial SH3b domains feature a common b hairpin structural motif in their RT loops. The NlpC/P60 domain is a novel and primitive papain-like cysteine peptidase that retains the conserved active site, as well as the core structure, of the papain superfamily. AvPCP is characterized as a g-D-glutamyl-L-diamino acid endopeptidase. We also show that AvPCP might use a unique mechanism for substrate recognition and specificity which involves a possible novel role for the SH3b domain.
RESULTS

Overall Description
The crystal structure of AvPCP was determined in the orthorhombic space group P2 1 2 1 2 at 1.05 Å resolution (Protein Data Bank [PDB] ID code 2hbw) with one molecule per asymmetric unit (ASU) using the multiwavelength anomalous diffraction (MAD) method. Two crystal structures of NpPCP were also determined by the MAD method: a tetragonal P4 1 22 crystal form at 1.60 Å resolution with one monomer per ASU (PDB ID code 2evr) and a P4 1 2 1 2 crystal form at 1.79 Å resolution with two monomers per ASU (PDB ID code 2fg0). The monomers in 2fg0 and 2evr are essentially identical (root-mean-square deviation [rmsd] of 0.21-0.35 Å for 222 C a atoms). Analytical size-exclusion chromatography in combination with static light scattering indicated that AvPCP and NpPCP both exist as monomers in solution, consistent with the paucity of contacts in the monomermonomer packing in the crystals of both proteins. All models have good geometry, and the Ramachandran plots produced by MolProbity (Davis et al., 2004) show that all residues are in allowed regions, with 99.3% (2hbw), 98.6% (2evr), and 97.7% (2fg0) in favored regions. The final model of AvPCP contains residues 14-234, an unknown ligand (UNL) that appears to mimic L-alanine and a second disordered moiety, and 345 water molecules. The final models of NpPCP contain residues 13-234, but no substrates or other ligands in the active site. Residues 1-13 (2hbw) and 1-12 (2evr and 2fg0) were omitted due to the lack of interpretable electron density. Data collection, model, and refinement statistics are summarized in Table 1 .
NpPCP and AvPCP are of equal length and are highly homologous (80% sequence identity). The crystal structures, including the active sites, are highly conserved, suggesting they are functionally identical. Because the rmsd between apo NpPCP and the AvPCP complex is only $0.6 Å for 220 C a atoms, no significant structural changes appear to result from ''substrate'' binding. We will refer to the higher-resolution AvPCP structure in all analyses and discussions, except where significant differences are observed between the two structures.
AvPCP is composed of 13 b strands (b1-b13) and six helices (H1-H6), including two 3 10 helices (H1 and H5) (Figure 2A ). The structure can be divided into two domains (14-81 and 82-234), R sym = SjI i À < I i >j/SjI i j, where I i is the scaled intensity of the ith measurement, and < I i > is the mean intensity for that reflection. R cryst = SjjF obs j À jF calc jj/SjF obs j, where F calc and F obs are the calculated and observed structure factor amplitudes, respectively. R free = as for R cryst , but for 5% of the total reflections chosen at random and omitted from refinement. ESU, estimated overall coordinate error. a Statistics for the highest resolution shell are in parentheses. b The percentage of residues in the favored region of the Ramachandran plot generated by MolProbity (outliers are in parentheses).
with the C-terminal residues (230-234) extending toward the N-terminal domain. The N-terminal domain adopts an SH3-like fold (hereafter referred to as the SH3b domain), which is an allb fold with seven strands that form a b barrel. A 3 10 helix is located between b6 and b7. The C-terminal catalytic domain (i.e., the NlpC/P60 domain or AvPCP-C) can be classified as an a+b fold with segregated a and b regions. Structural similarity searches using Dali (Holm and Sander, 1995) found no matches to the full-length structure of AvPCP. Homologous proteins to AvPCP, with the same two-domain architecture, are found in many cyanobacteria (see Figure S1 available online). Because the similarity is observed across the full length of the sequence, these proteins are likely to bind the same or similar substrates with a conserved catalytic mechanism. Hereafter, we will refer to sequence conservation within the context of these close homologs, unless otherwise stated.
The N-Terminal SH3b Domain
The presence of SH3b domains in prokaryotes was predicted previously (Ponting et al., 1999; Whisstock and Lesk, 1999) . SH3b domains, like the LysM (Bateman and Bycroft, 2000) and choline-binding (Fernandez-Tornero et al., 2001) domains, are commonly thought of as targeting domains, which are involved in cell-wall recognition and binding. The SH3b domain of AvPCP is structurally similar to many eukaryotic SH3 domains, where 75% of the C a atoms can be aligned with rmsd's between 2.3 and 2.5 Å (e.g., PDB ID codes 1jo8 and 1bbz). Conventional eukaryotic SH3 domains consist of five b strands, which are termed bA-bE (Mayer and Saksella, 2005) . The SH3b domain of AvPCP contains seven b strands, with the following correspondence to eukaryotic SH3 domains: b1/bA, b4/bB, b5/bC, b6/bD, and b7/bE (Figure 3) . One significant structural variation is that the long RT loop in AvPCP (residues 20-42) forms (B) Sequence alignment of the SH3b domains of AvPCP, NpPCP, and some of their protein homologs. The primary sequence number (every 10 residues) and the secondary structure of AvPCP (PDB ID code 2hbw) are both shown at the top of the alignment; the equivalent eukaryotic SH3 domain secondary structural elements, bA-bE, are shown in parentheses. (C) Sequence alignment of the catalytic domains of LytF, LytE, CwlS, and YwtD from Bacillus subtilis, AvPCP, NpPCP, the putative lipoprotein Spr from E. coli (PDB ID code 2k1g), and bacterial dipeptidyl-peptidase VI (DPP VI) from Bacillus sphaericus. The secondary structure at the top corresponds to that of AvPCP, while that on the bottom corresponds to Spr. The tentatively assigned S2, S1, S1
0 , and S2 0 binding sites of AvPCP are shown below this sequence as green, cyan, magenta, and blue stars, respectively.
Structure
Structures of a Cell-Wall Endopeptidase a two-stranded b hairpin (b2 and b3), but follows a similar path to the shorter RT loops found in conventional SH3 domains. This motif (b2 and b3) packs against strand b6 in almost perpendicular orientation. The overall connection between b1 and b4 is around six residues longer than the corresponding RT loop of a eukaryotic SH3 domain, such as Abl SH3 (Pisabarro et al., 1998) . The AvPCP equivalent of the N-Src loop between bB and bC (i.e., b4 and b5) contains only two residues (52 and 53). Another notable structural difference between the AvPCP SH3b domain and eukaryotic SH3 domains is that the RT loop and the N-Src loop fold toward each other, effectively closing the gap between them, in contrast with typical eukaryotic SH3 domains, which have a much wider opening (Figure 3 ). The structural similarities between the SH3b domain of AvPCP, the GW domains of Internalin B (Marino et al., 2002) , and the SH3b domain of ALE-1 (Lu et al., 2006) are particularly interesting, because both the ALE-1 and GW domains bind cell-wall components (Figure 3 ). Despite very low sequence identity (5%), 58 C a positions can be aligned structurally with an rmsd of 2.6 Å between the AvPCP SH3b domain and that of ALE-1. Similarly, the AvPCP SH3b domain can be aligned to the GW domains (GW1, GW2, and GW3) of InlB, with an rmsd of 2.5 Å for 58 C a atoms of GW3 551-628, for example. The InlB GW domains and the AvPCP SH3b domain have the same secondary structural elements. Unlike the AvPCP SH3b and InlB GW domains, the SH3b domain of ALE-1 lacks the characteristic 3 10 helix between the last two b strands, where it is replaced instead with an extended loop. Surprisingly, all three domains possess a b hairpin (b2 and b3 of AvPCP) in their RT loop regions that is unique to prokaryotic SH3b domains and, interestingly, also essential in the choline-binding domain (CBD) of Streptococcus pneumoniae LytA (Fernandez-Tornero et al., 2001 ). Large differences are found between the N-Src loops and the distal loops in these domains, but the gap between the RT and N-Src loops is consistently closed for all of these SH3b domains, resulting in a significant loss of binding surface compared with eukaryotic SH3 domains (Marino et al., 2002) .
AvPCP Catalytic (NlpC/P60) Domain Is a Primitive Cysteine Peptidase The NlpC/P60 domain represents a new family of papain-like cysteine peptidases according to SCOP (Murzin et al., 1995) .
The NlpC/P60 domain adopts a much simpler topology, consisting of a six-stranded, central b sheet and five a helices, compared to the classical eight-stranded, central b sheet and seven a helices of papain (Kamphuis et al., 1984) . However, the core of the papain-like cysteine proteases is retained in the NlpC/P60 domain ( Figure 4A ) and consists of one a helix (H3) and a five-stranded, antiparallel b sheet (b8, b13, b9, b10, and b11). The rmsd between AvPCP and papain is 3.3 Å for 85 aligned C a atoms (Table S1 ). The b strands are positioned such that the first strand is followed immediately by the last strand and then by the three sequentially incremental strands (b strand ordering is 16234 in the NlpC/P60 domain of AvPCP, whereas the equivalent in papain is 28356). The more complex topology of the papain-like proteases can be derived from the NlpC/P60 domain via several significant insertions between the conserved secondary structural elements. In NlpC/P60, a single a helix is inserted between the conserved a helix, H3, and the first b strand, b8. In comparison, three a helices are present at the corresponding location in papain. This insertion also varies in other papain-like cysteine proteases. For example, the plant cysteine protease Ervatamin C (PDB ID code 1o0e) contains two a helices, whereas human Cathepsin S (PDB ID code 2fg9) has four a helices and two strands. Papain has one other insertion that is not present in the NlpC/P60 domain: an a helix and a strand between the third (b9) and fourth (b10) b strands of the core. Thus, the structure of the NlpC/P60 domain suggests that it corresponds to a minimal functional unit of the papain-like cysteine protease fold and may represent an early branch in the divergent evolution of cysteine proteases (Anantharaman and Aravind, 2003; Barrett and Rawlings, 2001 ).
Comparisons of NlpC/P60 Domains and the CHAP Domains Since the release of our AvPCP/NpPCP coordinates in the PDB, a few new structures containing either a CHAP or a related domain have become available that enable more extensive structural comparisons ( Figure 4B ; Table S1 ), including glutathionylsperidine synthetase (GspS) from E. coli (PDB ID code 2ioa) (Pai et al., 2006) , trypanothione synthetase-amidase (PDB ID code 2vps) (Fyfe et al., 2008) , and several uncharacterized structural genomics targets, Spr (PDB ID code 2k1g), 2p1g (PDB ID code 2p1g), 2im9 (PDB ID code 2im9), and Syr11 (PDB ID code 2k3a). AvPCP-C is also similar to phytochelatin synthase from Nostoc sp. (NsPCS) (Vivares et al., 2005) . The catalytic core, the helix carrying the catalytic cysteine, and the five central b strands, are all conserved. Spr is essentially identical to AvPCP-C, but without the SH3b domain. PDB ID codes 2p1g and 2im9, representing the DUF1460 family, are surprisingly similar to AvPCP-C with rmsd's of 2.6 Å (111 aligned C a 's) and 2.8 Å (123 aligned C a 's), respectively. This similarity and complete conservation of catalytic residues strongly suggest that these uncharacterized proteins are cysteine peptidases (Table S1 ). Beyond the catalytic core, these structures are highly diverged, through deletions and insertions of structural elements. The CHAP domain of GspS, consisting mostly of b strands, is the most distant from AvPCP-C. Each active pocket displays its own unique features due to these structural variations ( Figure 4C ). For example, the S site of 2p1g is significantly larger than that of AvPCP-C, and the active-site groove of the GspS-CHAP domain is extended and wide, whereas NsPCS has a highly restrictive binding site. These observations suggest the NlpC/P60 and CHAP families should be considered as one superfamily with the same basic fold, but with distinct structural (C) Four representative active-site pockets. The cysteine in the catalytic triad is colored in red, the histidine in blue, and the third polar residue in cyan (seen only in 2p1g, buried in others). The S sites (labeled S) are tentatively assigned based on papain.
subfeatures that account for their diverse substrate preferences (Anantharaman and Aravind, 2003) .
SH3b-NlpC/P60 Domain Interface
The SH3b domain is located on the same side of the subdomain formed by the first three a helices of the NlpC/P60 domain (H2-H4) and lies between the H2-H3 loop and the H3-H4 loop (Figure 2A ). The SH3b domain interacts with the NlpC/P60 domain through its distal loop (i.e., b5-b6 loop, residues 61-65) and b3 (residues 34-39 and 42). The distal loop interacts with the H2-H3 loop (residues 115-120) and b3 interacts with the H3-H4 loop (residues 131 and 140-147). The domain interface between SH3b and the catalytic domain is highly conserved. The interaction between the two domains buries 1510 Å 2 of surface area with seven hydrogen bonds and three water-mediated interactions. Additional contacts between the SH3b domain and the NlpC/P60 domain are maintained through the linker (81-87) and C-terminal region (231-234).
The conserved residues of the NlpC/P60 domain are clustered near the domain interface, with the exception of Gly163/Asp164 (G/D), which are located near the N terminus of b9, and Gly223/ Arg224 near the C terminus of b13. Asp164 is buried and forms a salt bridge with Arg224. Interestingly, this G/D sequence conservation is observed in other NlpC/P60 domains ( Figure 2C ), even though these residues are located far from the active site. Most of the highly conserved residues in sequences homologous to the AvPCP SH3b domain are also located at or near the SH3b and NlpC/P60 domain interface, except for a few that are buried inside the SH3b domain (Leu44, Val46, Val57, Trp67, and Leu68). All conserved residues near the domain interface are important in forming the active site or maintaining domain interactions ( Figures 5A and 5B) .
The conserved b2-b3 hairpin in SH3b contributes to the domain interface. AvPCP SH3b has conserved residues (Tyr26 and Pro29) that were thought to be unique to the GW B subtype of InlB GW domains (Marino et al., 2002) . The corresponding region of the GW domain is also near the domain interface, and mutations at this site in ALE-1 (Arg296) significantly affect its structure (Lu et al., 2006) . Therefore, it seems likely that this conserved structural motif could be employed more generally to form protein-protein interfaces due to the structural conservation of these prokaryotic RT loops.
The Active Site of AvPCP
The active site of AvPCP is identified by its well-defined shape and strictly conserved residues ( Figure 5C ). A V-shaped long groove curves around the perimeter of Trp116. The bulk of the groove is located on the surface of the catalytic domain near the domain interface. The entrance to the groove is formed by Ala35, Tyr64, Gly117, Asp125, Arg143, and Asp144. Asp125 is neutralized by a salt bridge to the nearby Arg143 that also interacts with the strictly conserved Thr36 located on the SH3b domain. The middle section of the groove consists of Trp116, Ala145, Cys126, Ser127, and Thr175. Additional active-site residues (Tyr114, Trp116, Lys173, Thr175, His176, Ser190, Gly191, Lys192, Ala193, Gln194, and Tyr215) are located on the other side of Cys126 and between the b11-b12 and H2-H3 loops. Residues lining the bottom of the groove are the most conserved in the curved AvPCP active site that differs from papain, which contains a straight channel that runs along the interface between its two subdomains.
AvPCP-C contains a variant of the catalytic triad found in other cysteine proteases (Cys126/His176/His188), in which the third residue is a histidine instead of the more commonly observed asparagine or glutamine. This triad is located near the domain interface, but resides exclusively on the NlpC/P60 domain. Cys126 is located on the N terminus of helix H3. The spatial configuration of the catalytic triad is strictly conserved with papain ( Figure 5D ). The catalytic dyad of AvPCP (Cys126/ His176) superimposes well with that of papain (Cys25/His159, rmsd 0.32 Å for all side-chain atoms). The distance between His188Nd1, which is hydrogen bonded to His176N32 (distance 2.68 Å ), and its papain equivalent, Asn175Od1, is only 0.22 Å upon superimposition of the Cys/His dyads. His188 is further stabilized by a hydrogen-bond network with the strictly conserved Asp202 and Arg196. Another important residue in papain, Gln19, which helps form the ''oxyanion hole '' (McGrath, 1999) , has a counterpart, Tyr114, in AvPCP. This tyrosine is also conserved in Spr (Tyr56), 2p1g (Tyr38), and 2im9 (Tyr92). Thus, the mechanism of proteolysis for AvPCP is expected to be similar to that of papain or serine proteases (Storer and Menard, 1994; Otto and Schirmeister, 1997) . The thiol group of Cys126 is polarized by the imidazole group of His176 and deprotonates to form a nucleophilic thiolate/imidazolium ion pair. The thiolate anion attacks the carbonyl carbon of the scissile bond of the substrate to form a tetrahedral intermediate. The transition state could be stabilized by the hydroxyl group of Tyr114. The reaction is completed by the hydrolysis of the acyl-thioester through an activated water.
The Cys/His/His triads are also present in Spr and 2p1g (Table  S1 ). However, the hydrogen-bond network to the N32 of the third histidine differs. The third histidine in 2p1g is exposed to solvent and a water interacts with N32 ( Figure 4C ), whereas the corresponding histidine in Spr is buried as in AvPCP, with a serine forming a hydrogen bond with N32. The human cytomegalovirus serine protease (HCMV) contains a Ser/His/His triad, where the third histidine makes less contribution compared to the classic triad, due to a weaker hydrogen bond between the two histidines (Khayat et al., 2001) . However, the side chains of the triads in AvPCP and HCMV do not superimpose very well (rmsd 1.6 Å for three C a atoms). The His/His hydrogen bond involves different atom pairs (Nd1 and N32 of the second and third histidine in HCMV, N32-Nd1 in AvPCP). This hydrogen bond in AvPCP appears stronger (shorter distance) compared to HCMV.
Although the active sites of AvPCP and NpPCP are strictly conserved, no ligand density is observed in either crystal form of NpPCP. The main structural difference among the three structures concerns the side-chain rotamer of Trp116. Trp116 is critical for the formation and integrity of the binding pocket, as it likely contributes to multiple subsites by residing directly above Cys126, and is strictly conserved in AvPCP, LytE, LytF, and CwlS. Interestingly, the Trp116 indole adopts two conformations in the solved crystal structures (rotamer 1: c 1 = À67.4
; rotamer 2:
). Only rotamer 2 (the main conformation in AvPCP) is active, because rotamer 1 changes the shape of the binding pocket and blocks access to Cys126 by the substrate. In conformation 1, the S pocket becomes more solvent exposed. Thus, the flexibility and reorientation of Trp116 may play a role in product release.
Functional Characterization of AvPCP
Several characterized g-D-Glu-DAP DL-endopeptidases, such as B. subtilis LytE, LytF, and CwlO and B. sphaericus DPP VI, contain an NlpC/P60 domain that is homologous to the AvPCP-C, with sequence identities ranging from 22% to 27%. The active-site residues of these enzymes are highly conserved ( Figure 2C ). These data suggest that AvPCP-C is likely a DLendopeptidase. We have now shown that AvPCP can, indeed, hydrolyze Ala-g-D-Glu-DAP to Ala-g-D-Glu and DAP, confirming it as a g-D-Glu-DAP DL-endopeptidase (Supplemental Data).
DISCUSSION
The modular architecture of AvPCP suggests that it is likely evolved from gene fusion of two independent domains (Pasek et al., 2006) . The papain-like superfamily (PFAM CL0125, clan CA), one of the largest peptidase families, has extremely divergent sequences. It is widely accepted that members of the papain-like superfamily have evolved from one general purpose ancestral peptidase to acquire multiple and more specific activities through repeated gene duplications, lateral gene transfers, and gene fusions (Berti and Storer, 1995) . The evolutionary relationship between the NlpC/P60 proteins and papain-like peptidases can be established at the sequence level through highly sensitive sequence profile analysis (Anantharaman and Aravind, 2003) . This relationship is confirmed by the crystal structure of AvPCP.
The SH3b domains in the NlpC/P60 family also diverge rapidly. Although it is generally accepted that the SH3b domains bind cell-wall components, the structural determinants of SH3b for cell-wall targeting are currently not well understood. No readily identifiable sites can be discerned on the SH3b surface of AvPCP that may be involved in cell-wall recognition. There have been some indications that SH3b domains may use different binding interfaces compared to their eukaryotic SH3 counterparts (Lu et al., 2006; Marino et al., 2002; Ponting et al., 1999) . The SH3b groove on AvPCP, which is equivalent to a typical eukaryotic groove, is narrow and not conserved in sequence ( Figure 5B) . A different groove formed by the N terminus of the ALE-1 SH3b-targeting domain is important for binding polyglycine (Lu et al., 2006) . The AvPCP SH3b domain, however, does not have a corresponding groove ( Figure 5B ). If the SH3b of AvPCP could indeed interact with the cell wall, one possible site is near the domain interface where the b2-b3 hairpin of the SH3b domain interacts with AvPCP-C. From this site, a shallow, but wide, groove extends directly to Cys126 ( Figure 5B ).
AvPCP is not inhibited by 10 mM E-64, a known cysteine protease inhibitor, suggesting that the active site of AvPCP is distinct from other non-cell-wall cysteine peptidases, despite sharing a similar proposed catalytic mechanism. Interestingly, residual electron density was present in the active site of AvPCP, although it was difficult to conclusively identify the ligand based solely on the electron density maps due to disorder. This density was, therefore, modeled as a UNL that may represent an L-alanine and a second disordered moiety ( Figure 6A) .
Although AvPCP and NpPCP were crystallized under different conditions and crystal-packing environments, no significant interdomain movements between SH3b and NlpC/P60 domains were observed. Together with the highly conserved nature of the domain interface, these data indicate that any interdomain motion in AvPCP/NpPCP is small. Because the active site of AvPCP is well defined and spatially restricted, we utilized molecular docking to better understand the substrate specificity using the assumption that the full-length AvPCP is a rigid structure. Docking of the murein tripeptide (L-Ala-g-D-Glu-Xaa, Xaa = DAP or Lys) or tetrapeptide (L-Ala-g-D-Glu-Xaa-D-Ala) to the active site of AvPCP clearly favors a model that places the L-Ala at the sites where an L-Ala-like moiety is clearly observed in the density map ( Figure 6B ). The docked ligand is geometrically feasible and is engaged in an extensive hydrogen-bond interaction network with the protein. Further docking studies with large ligands which contain the murein tripeptide showed that the active site of AvPCP was unable to accommodate any moiety larger than a methyl group attached to L-Ala. Therefore, we propose that AvPCP has a strict specificity for muropeptides with an N-terminal L-alanine, similar to DPP VI of B. sphaericus. The catalytic domains of these two enzymes contain identical S2/S1 sites and a very similar S1 0 site ( Figure 2C ). Although the SH3b domain of AvPCP does not affect the shape of the binding site significantly, it does participate in formation of the S2 pocket by contributing two residues, Ala35 and Tyr64 ( Figure 6C ), that create a very restricted S2 binding pocket. Furthermore, the SH3b domain blocks an extension of the binding site on the NlpC/P60 domain. Thus, we speculate that the SH3b domain is crucial for substrate specificity of AvPCP, representing a novel role for SH3b. The SH3b domain is also required for the amidase domain activity of B30 lysin (Donovan et al., 2006) .
The biological function of AvPCP and NpPCP and their physiological implications are currently unknown. As no N-terminal signal peptide is associated with AvPCP (or NpPCP), it is likely that AvPCP is located in the cytoplasm where possible substrates, such as L-Ala-g-D-Glu-DAP tripeptides, are produced during cell-wall recycling (Park, 1995; Uehara et al., 2005) . A. variabilis contains homologs of the E. coli cell-wall, recycling enzymes, except for MpaA and PepD, indicating that it may lack or utilize a different mechanism for murein peptide metabolism compared to E. coli. Interestingly, the metallocarboxypeptidase MpaA also has strict substrate specificity for murein peptides with a free L-Ala (Uehara and Park, 2003), 0 , and S2 0 ) are colored as green, cyan, magenta, and blue, respectively. The S2 site consists of residues: W116, G117, A35, Y64, D125, R143, and D144; S1 site: W116, C126, S127, A145, and T175; S1 0 site: Y114, W116, H176, G191, and Y215; and S2 0 site: A193, Q194, and Y215. Some residues (W116 and Y215) help form more than one site and are thus shown in italics at the site where they make their main contribution.
(C) Interaction between L-Ala (shown as sticks and dots) and the domain interface between SH3b and NlpC/P60 (spheres).
suggesting the intriguing possibility that AvPCP may play a similar role to MpaA. If AvPCP is located in the cytoplasm, strict substrate specificity is plausible because it prevents AvPCP from hydrolyzing intermediates of peptidoglycans and interfering with cell-wall biosynthesis. Worldwide structural genomics projects have produced a significant number of new structures that sample vastly diverse sequence space. Most of these structures have confirmed the notion that structure and fold space is more limited compared to sequence and functional space. Nature tends to adapt conserved structural modules for different functions, so that knowing the structure of a previously uncharacterized protein does not necessarily lead to a specific functional annotation. Thus, deriving function from a structure can be a significant challenge, and an urgent task given the prodigious output of structural genomics projects. In this study, we combined structural, experimental, and computational approaches to explore and ascertain the function of a ''hypothetical'' protein. Our efforts also led to better annotation of other related structures produced in a structural genomics context. Such new information provides a more solid foundation for the further study of the structure and function of cell-wall peptidases.
EXPERIMENTAL PROCEDURES Protein Production and Crystallization
The selenomethionine derivatives of full-length AvPCP and NpPCP were cloned and expressed in E. coli with an N-terminal TEV cleavable His tag, purified by metal-affinity chromatography, and crystallized using the highthroughput structural genomics pipeline of JCSG (Lesley et al., 2002) . Details can be found in Supplemental Data.
Data Collection, Structure Solution, and Refinement Multiwavelength anomalous diffraction (MAD) data were collected at Stanford Synchrotron Radiation Lightsource (SSRL) beamline 11-1 (AvPCP) and Advanced Light Source (ALS, Berkeley, CA, USA) beamline 8.2.1 (NpPCP). Data processing and structure solution were carried out using an automatic structure solution pipeline developed at the JCSG. Details of the data processing, structure solution, and refinement can be found in Supplemental Data.
Molecular Docking
Fully flexible ligand docking was performed with Glide 5.0 (Schrö dinger LLC, Portland, OR, USA) for models of L-Ala-D-Glu-DAP and L-Ala-L-Glu-DAP. The initial conformations of the ligands were generated by ChemBioOffice (CambridgeSoft Corporation, Cambridge, MA, USA) in random orientations. The protein was prepared for grid generation and subsequent docking using the Protein Preparation Wizard tool from the Schrö dinger FirstDiscovery suite. Optimal grid dimensions for docking were determined with SiteMap (Halgren, 2007) . The default settings for grid calculations and docking were used.
ACCESSION NUMBERS
Atomic coordinates and experimental structure factors for AvPCP at 1.05 Å resolution and NpPCP at 1.60 and 1.79 Å resolution have been deposited in the worldwide Protein Data Bank under ID codes 2hbw, 2evr, and 2fg0, respectively.
SUPPLEMENTAL DATA
Supplemental Data include two figures, one table, and experimental procedures and can be found with this article online at http://www.cell.com/ structure/supplemental/S0969-2126(09)00022-7.
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